BRAF is a serine/threonine kinase that receives a mitogenic signal from RAS and transmits it to the MAP kinase pathway. Recent studies have reported that mutations of the BRAF gene were detected with varying frequencies in several cancers, notably more than 60% in melanoma. We analysed mutations of BRAF and RAS genes in 100 cases of thyroid carcinoma to investigate genetic aberrations in the RAS/RAF/MEK/MAP kinase pathway. BRAF mutations were detected exclusively in papillary carcinomas (40 in 76 cases: 53%), and were exclusively V599E, a mutation frequently observed in other carcinomas. NRAS mutation was observed in six cases (6%), all in histological types other than papillary carcinoma, and was exclusively Q61R. No mutations were found in KRAS or HRAS. Our results suggest that BRAF mutations may play a critical role in the carcinogenesis of papillary carcinoma of the thyroid.
Papillary carcinoma and follicular carcinoma are types of differentiated thyroid carcinomas that are thought to arise from thyroid follicular epithelial cells. Although several studies have demonstrated differences in the biological characteristics of these carcinomas (Pierotti et al., 1996) , little is known about the genetic backgrounds that underlie these differences.
Aberrant activation of the RAS-RAF-MEK-MAP kinase-signaling pathway is frequently found in human carcinomas, particularly in adenocarcinomas. The pathway transmits a mitogenic signal to the nucleus, and constitutive activation of the pathway is thought to promote uncontrolled cell division. There are three human RAS genes: NRAS, HRAS, and KRAS. The RAS mutations found in tumors produce constitutively active RAS proteins. Papillary carcinoma and follicular carcinoma of the thyroid, both of which are adenocarcinomas, exhibit RAS mutations 0-10% in papillary carcinoma and 30-50% in follicular carcinoma (Manenti et al., 1994; Lazzereschi et al., 1997; Sugg et al., 1999; Learoyd et al., 2000) . RAF proteins are serine/ threonine kinases that are located downstream of RAS in the signaling pathway. Humans have three RAF genes: ARAF, CRAF-1, and BRAF. Recently, point mutations of the BRAF gene were reported in more than 60% of melanomas and at lower rates in lung, colon, and ovarian carcinomas Naoki et al., 2002; Yuen et al., 2002) . There are two mutation hot spots in the BRAF gene. A total of 89% of mutations are located in the activation segment of kinase domain. A total of 11% of mutations are within the glycine-rich loop in the kinase domain. It has been shown that mutant BRAF proteins have elevated kinase activity and can transform NIH3T3 cells .
In this study, we evaluate the frequency and spectrum of BRAF mutations in thyroid carcinoma and their relation to RAS mutations.
The results of the mutation analyses are summarized in Table 1 . Representative results of sequencing the BRAF gene are shown in Figure 1a and b. Of 76 cases of papillary carcinoma, 40 (53%) have heterozygous mutations in the BRAF gene at codon 599 (V599E) that result from a T to A change at nucleotide 1796 (T1796A). BRAF mutations were not observed in other types of thyroid carcinoma. On the other hand, no RAS mutations were observed in papillary carcinoma, while Q61R NRAS mutations were found in follicular and anaplastic carcinomas. No samples exhibited both BRAF and RAS mutations ( Table 1) .
The valine at codon 599 (V599) of the BRAF gene is located in the evolutionarily conserved activation segment of the kinase domain. An amino-acid change from valine to glutamic acid (V599E) has been reported to result in a protein with elevated kinase activity that can transform NIH3T3 cells. V599E is the most prevalent BRAF mutation. For example, 90% of BRAF mutations found in melanoma are of this type .
Thyroid-stimulating hormone (TSH) stimulates the proliferation of thyroid follicular epithelial cells and differentiated thyroid carcinoma cells (Pierotti et al., 1996) . TSH receptors are G-protein-coupled receptors, and binding of TSH to the receptors elevates intracellular cAMP levels to promote proliferation (Ledent et al., 1991) . This cAMP-dependent mitogenic pathway is known to activate BRAF (Busca et al., 2000) . The same scheme applies to melanocyte-stimulating hormone and the melanocortin receptor (Halaban, 2000) , where binding increases the intracellular cAMP level and activates BRAF. In both melanoma and papillary carcinoma of the thyroid, increased BRAF activity due to the V599E mutation may simulate the mitogenic signal transmitted from the receptors, and thus may explain why BRAF mutations occur at higher rates in these carcinomas than in other carcinomas Naoki et al., 2002; Yuen et al., 2002) .
It has been suggested that BRAF mutations and RAS mutations are mutually exclusive and our results are consistent with this report. A recent study has shown that microinjection of a RASneutralizing antibody did not inhibit the proliferation of cells with the V599E BRAF mutation, suggesting that RAS mutation does not have an additive effect on the proliferation of such cells . This result suggests that BRAF mutation is sufficient to . In all, 100 thyroid tumors and corresponding normal tissue samples were obtained from surgical specimens resected at Fukushima Medical University Hospital. Of these carcinomas of the thyroid, 76 were papillary, eight were follicular, nine were medullary, and seven were anaplastic. All patients gave informed consent. High-molecular-weight DNA was extracted from tumor tissue and corresponding normal tissue separately by treatment with SDS-Proteinase K and phenol-chloroform. DNA from each tumor-normal sample pair was examined by direct sequencing for mutations in hot spots of the BRAF genes (exons 11 and 15), and the NRAS, HRAS, and KRAS genes (exons 1 and 2). The reactions were performed as follows. The 50 ml PCR mixture contained 50 pmol of each primer, 2.5 mM of each dNTP, 500 ng of genomic DNA, and 0.1 U of DNA polymerase (Sigma Co., Ltd.) in 1 Â reaction buffer supplied by the manufacturer. DNA was amplified by 30 cycles of 30 s at 941C, 30 s at 581C, and 30 s at 721C. The following PCR primers were used to amplify exons 11 and 15 of the BRAF gene, and exons 1 and 2 of the KRAS, NRAS, or HRAS genes: KRAS exon 1: F-ATAAGGCCTG CTGAAAATGACTGA, exon 2: R-GAATGGTCCTGCACCAG-TAATATGC, exon 2: F-CCAGACTGTGTTTCTCCCTTC, exon 2: R-CAGTCCTCATGTACTGGTC, HRAS exon1: F-CAGGA-GACCCTGTAGGAGGAC, exon1: R-CTCTATAGTGGGGTCG-TATTC, exon 2: F-GATTCCTACCGGAAGCAGGTG, exon 2: R-CTGTACTGGTGGATGTCCTC, NRAS exon 1: F-CTGGTTTC CAACAGGTTCTTG, exon 1:R-GATTAGCTGGATTGTCAGTGC, exon 2: F-GTGGTTATAGATGGTGAAACCTG, exon 2:R-CAAA-TACACAGAGGAAGCCTTC, BRAF exon 11: F-TCTGTTGGCTT GACTTGACT, exon 11: R-GACTTGTCACAATGTCACCAC, exon 15: F-GCTTGCTCTGATAGGAAAATGAG, exon15: R-GTAACT-CAGCAGCATCTCAGG. PCR products were purified using a QIAGEN PCR purification spin kit (Qiagen). Purified fragments were sequenced using the BigDye Terminator Cycle sequencing FS Ready Reaction Kit (Applied Biosystems) with the ABI PRISM 310 Genetic Analyzer (Applied Biosystems). Sequencing results from tumor samples and corresponding normal samples were compared to identify tumor-specific mutations activate the RAS-mediated mitogenic signaling, and thus RAS mutation is not observed in papillary carcinoma with BRAF mutations. Studies with larger numbers of samples are necessary to clearly define the relation between mutations in BRAF and RAS. In this study, the BRAF gene was mutated in 53% of papillary carcinomas of the thyroid. This suggests that BRAF mutations provide a genetic marker that can differentiate papillary carcinomas from other types of thyroid carcinomas, and suggests that BRAF mutations play a significant role in the carcinogenesis of papillary carcinoma. These findings also suggest that an RAF inhibitor that has recently been described (Sebolt-Leopold, 2000) may be worth exploring as a molecular-targeting reagent to treat thyroid carcinoma.
